In this present study, we aimed to reduce the wetting angle of nanoparticles (NPs) in molten steel and thus, increase their utilization ratio in steel. In order to achieve this, a two-step process was used to synthesize a core-shell AlTi-MgO@C NP structure for steelmaking through a dopamine polymerization process, which used an ammonium persulfate oxidant and high-temperature carbonization. The NP surface characterization was tested by scanning electron microscopy and field emission transmission electron microscopy, while the hydrodynamic NP size was measured by dynamic light scattering. The results showed that a carbon coating that had a thickness of 10 nm covered the NP surface, with the dispersion and stability of the particles in the aqueous solution having improved after the coating. The contact angle of the surface-treated NP was less than that of the uncoated NP in high-temperature molten steel and the corresponding wetting energy was smaller, which indicated improved wettability.
Introduction
The surface modification of materials plays a vital role in modern chemistry, biology and the science of materials science. This has been widely applied in the fields of science, engineering and technology [1, 2] . There are numerous and varied methods for modification, including Langmuir-Blodgett deposition, monolayer self-assembly and layer-by-layer self-assembly. This can be chosen according to optimal compatibility with the specific material requirements [3] [4] [5] [6] . However, these methods lack efficacy on a broad range of material surfaces.
In the science of surface coatings, carbon coating technology has been widely used due to its chemical stability. Glucose has been used as a carbon source, but its specific capacity is limited due to a relatively high carbon content. Oleic acid [7] , citric acid [8] , ethylenediaminetetraacetic acid [9] and other organic compounds have been used as a substitute for glucose to provide a carbon source but obtaining a relatively uniform carbon layer remains a challenge.
Dopamine can be utilized to form polydopamine (PDA) in alkaline pH conditions to create oxide-induced self-polymerization [10] . After this, the PDA can become adhered to the surface of a solid material through an amino-or mercapto-nucleophilic reaction. This widely-used method exhibits strong adhesion properties, easily produces a functional modification of the material surface and is unaffected by the size and shape of the material. The advantages of dopamine-encapsulated materials are linked to the simple reaction conditions and the homogeneous coating [11] . In addition, the thickness of the dopamine layer can be controlled by changing the initial concentration and polymerization time of the dopamine. This is important especially considering that thickness control is very important for material design and surface modification [12] . Due to the excellent and versatile coating capabilities of dopamine, it can be used as a precursor of carbon to form a uniform and continuous coating on the NP surface [13, 14] . After this, by controlling the heat treatment atmosphere, the coating of PDA on the material can be converted into a carbon layer through high-temperature carbonization [15] .
The purity of molten steel plays an important role in determining the properties of the steel and the distribution of second-phase nanoparticle (NP) dispersions in the steel can be used as an external method to improve steel purity [16] . This is accomplished because NPs can alter inclusion characteristics so that the precipitation of molten steel in the cooling process becomes finer and can reach sizes on even the nanoscale, avoiding the adverse effects of large inclusions in the steel [17] . However, due to the large surface properties of the NPs, they easily agglomerate in the high-temperature steel and reduce the yield.
Using these dispersant and nanoscale materials, some groups have mechanically hot-pressed the NPs mixed with the metal alloy powder in experiments, with some having added the NPs to the molten steel. The addition of the NPs was found to have a significant effect [18, 19] , although the NPs that entered into the welding pool were found to gather and float to the surface of the steel liquid. Thus, the second-phase particle yield in oxide metallurgy technology is a key problem that must be solved before this production can be applied for real-life applications [20] . In this study, NP surfaces were modified by a chemical method. The characterization showed that the treated NPs had good stability and dispersibility, with successful preparation of NPs with a core-shell structure. The surface coating method was beneficial in reducing the contact angle between the NP and the steel liquid and in improving the yield of the nanoparticles in the steel liquid.
Materials and Methods

Materials
The dopamine hydrochloride and ammonium persulfate used in this present study were purchased from Sigma (Beijing, China), while the Al, Ti and MgO NPs were purchased from Chao Wei Co., Ltd. (Shanghai, China). All other chemicals used were of at least analytical reagent grade and were obtained from Sinopharm Chemical Reagent Co., Ltd. (Beijing, China). Aqueous solutions were prepared using deionized water (Milli-Q system).
Our first aim was to improve the dispersion of the MgO NPs in liquid steel. Firstly, the AlTi (diameter of 50-70 nm) NP alloy was manufactured by mechanically mixing the individual NPs with a weight ratio of Al and Ti NP of 7:3. This NP mixture was called the AlTi alloy NP. The AlTi (Al with 70 wt %; Ti with 30 wt %) NP alloy and the MgO NPs were mixed in a planetary ball mill (IKN Mechanical Equipment Co., Ltd., Berlin, Germany) with a mass fraction of the MgO to AlTi alloy of 5:1. During mixing, the planetary ball mill was operated at 6500 rpm/min for 4 h at a low temperature and under low oxygen conditions, which aims to avoid the risk of high temperatures resulting from particle collisions.
Characterization
The morphologies and chemical compositions of the samples were measured using field emission scanning electron microscopy (SEM, Hitachi, Tokyo, Japan) and field emission transmission electron microscopy (TEM, Hitachi, Tokyo, Japan). X-ray diffraction spectra (XRD, PANalytical Co., Ltd., Amsterdam, The Netherlands) of the samples were obtained at a scan rate of 1 • /min. The hydrodynamic sizes of NPs were measured by dynamic light scattering (DLS, Malvern, Worcestershire, UK) in deionized water at room temperature.
Preparation of AlTi-MgO@PDA nanoparticles (NPs)
To coat the NPs with PDA, 300 mg of dopamine hydrochloride and 300 mg of AlTi-MgO NPs were added to a phosphate-buffered solution (0.1 M, pH of 7.0) with magnetic stirring for 2 h. After this, 170 mg of ammonium persulfate was added into the mixture, which was stirred for another 1 h. This produced AlTi-MgO@PDA NPs, which were obtained after several rounds of centrifugation and washing with distilled water and ethanol. All reactions were conducted at room temperature. The process of self-polymerization is shown in Figure 1 . 
Preparation of AlTi-MgO@C NPs
To carbonize the PDA film, the AlTi-MgO@PDA NPs were placed into a tubular furnace, which was maintained at 550 • C for 4 h in a nitrogen environment. After the heat treatment, the AlTi-MgO@C NPs were soaked in a 0.24 M HCl solution for 30 min, before being rinsed several times with deionized water. Figure 2 shows the process of the high-temperature carbonization of NPs. Figure 3 shows the typical SEM and TEM images of the AlTi-MgO NP cores for steelmaking. After the pre-dispersion ball-milling treatment, the NPs were shown to be spherical with a smooth surface that exhibits no coating. Figure 3C shows the XRD pattern of the AlTi-MgO NPs, which depicts many narrow peaks. The narrowness of the peaks indicated that the NPs have good crystallinity after the pre-dispersion treatment. The corresponding phases were identified as Al and Ti as individual substances and MgO oxide. Furthermore, the MgO NPs easily combined with the water vapor in the air to form Mg(OH) 2 . Figure 4A) shows that after the process of dopamine self-polymerization induced by the ammonium persulfate oxidant, the surface of the NP becomes rough, which is the typical morphology of a dopamine self-polymerization covering. The shell layer of these surface-treated NPs had a thickness of approximately 7-18 nm, which was measured from the comparison of the TEM images with the original NP diameters ( Figure 3B ). Figure 4C shows the XRD pattern of the AlTi-MgO@PDA NPs. After heating at 550 • C for 4 h in a nitrogen environment, a proportion of the Al and Ti was retained as individual substances and the mass fraction of the MgO NPs was relatively small. The corresponding metal complex oxide phases with Al and Ti elements were easily formed at this high temperature: MgTiO 3 , MgTi 2 O 5 and MgAl 2 O 4 phases. At the same time, the amorphous carbon and graphitic carbon phases appeared with a broadened peak, which indicated that a C-AlTi-MgO composite phase was formed after the carbonization process. Figure 5 shows the TEM images of AlTi-MgO@C NPs after the carbonization process. During this process, the structure of the surface organic substance breaks down and the loss of these hybrid atoms leads to a contraction of the PDA film [21] . The high-resolution TEM images are shown in Figure 5A (insets), which demonstrated that the outer layer of the particle is coated with a carbon layer. No obvious lattice fringes can be observed in the outer layer of the carbon shell, while the inner layer of the coating exhibits an inter-crystalline spacing of d (002) = 0.34 nm, which corresponds to the graphitic carbon crystal. After dispersion and carbonization, no obvious agglomeration phenomenon was observed and the particles were well dispersed in the aqueous solution. Figure 5B shows the XRD pattern of the AlTi-MgO@C NPs after hot HCl acid pickling for 30 min, which exhibits peak shapes that corresponded to amorphous carbon and graphite. Furthermore, the latter peak showed good crystallinity. According to these results, AlTi-MgO@C NP were synthesized after the surface treatment. The carbonization process broke down the structure of the PDA film, which causes the layer to become thinner. As a result, the mean hydrodynamic size of the AlTi-MgO@C NPs was reduced to 60 nm. 
Results
NP Characteristics
Surface Treatment and Physical Properties of the NPs in Steel
Dai et al. reported that polydopamine can act as a template for functionalizing a coated material surface and will form a carbon structure after subsequent heat treatment [15] . The carbonized NPs were found to exist in a stable form in an appropriate solvent, exhibiting good monodispersity and reduction in the aggregation of the NPs [15, 22, 23] . In the subsequent process of high-temperature steelmaking, the insignificant amount of carbon found in the coating of the surface-treated NPs exhibited little or no pollution in the molten steel [24] .
The NPs could be regarded as the heterogenous nuclei that inhibits the movement of the grain boundary. Furthermore, the dispersive and fine inclusions can induce intragranular acicular ferrite. Both these processes can be used to improve the properties of materials. However, NPs can easily become agglomerated due to the effect of size and intense Brownian motion collisions. This agglomeration in the molten steel was closely linked to the wettability of the NPs in the molten steel and thus, can significantly affect the utilization ratio of the NPs in the steel.
After the NPs were added to the molten steel, they passed through the air-steel interface and were stirred by the Ar gas flow and by the force exerted by the furnace. After the NPs entered the liquid steel, they evolved into nucleating agents and denaturants of the inclusions in the steelmaking process. The agglomerating nature of the NPs has a significant influence on the distribution and characteristics of the inclusions in the steel. In the simulation of inclusions in a metallurgic reactor, the Stokes formula typically considers the kinematic viscosity, the equivalent radius of the inclusions and the difference in the density of the fluid and the inclusion. Furthermore, Wang [25] assumed that in liquid steel, NPs with a particle size of 50 nm floated up by only about 100 nm in 60 min and thus, the movement of NPs in the vertical direction can be ignored. Therefore, we can conclude that the NPs immersed into the molten steel will not float to the air-steel interface. The wettability of the NP in high-temperature molten steel is an important factor affecting its utilization ratio in liquid steel. The wetting energy is typically used to assess the wettability of an NP in liquid steel, which can be calculated as follows:
where W i is the wetting work of the ith NP; γ LG is the surface tension of the liquid steel; and θ is the contact angle, which is shown in the diagram in Figure 7 . Equation (1) demonstrates that the wettability of the NPs in the molten steel is determined by the contact angle (θ) as minimizing the contact angle improves the wettability. A contact angle that is greater than 90 • indicates that the NPs are not wetted with the molten steel as the resulting strong hydrophobic effect would cause the NPs to strongly repel the surrounding medium. Depending on the type of inclusions present in the steel, it is assumed that the added NPs will form corresponding oxides after they react with the dissolved oxygen in the molten steel. The contact angles of Al 2 O 3 , MgO and pyrographite with liquid steel were found to be 100-141 • [26] , 130 • [27] and 50 • [28] , respectively, under a helium gas environment. This signifies that the contact angle of the AlTi-MgO@C NPs coated with a carbon layer is much lower than that of the AlTi-MgO NPs. Thus, the AlTi-MgO@C NPs possess superior wettability in the high-temperature molten steel and a greater number of effective particles will enter into the molten steel, creating an increased NP utilization ratio. Although the contact angle of these AlTi-MgO@C NPs have been shown in theory, more experimental evidence is needed to prove the wettability of these AlTi-MgO@C NPs in the molten steel.
Conclusions
1.
The AlTi-MgO alloy NPs were selected as the pre-dispersed medium in this study, with the average AlTi-MgO NPs size being 50 nm after pre-dispersion. A new type of core-shell structure that was comprised of AlTi-MgO@C NPs was successfully synthesized by dopamine self-polymerization under alkaline conditions and a high-temperature carbonization process, which can be used for steelmaking. 2.
After the surface treatment, the size and composition of the NPs exhibited good dispersion of the NPs in the aqueous solution, with the width of the shell layer being about 10 nm. After immersion in hot HCl acid for several hours, the NP coating contained only amorphous and graphitic carbon, which was confirmed by XRD pattern analysis and the high-resolution TEM images of the surface-treated NPs. These results confirmed the presence of a carbon layer on the surface of the treated NPs. 3.
Due to the different compositions of the NP coatings, the theoretical results show that after the surface treatment, the AlTi-MgO NPs have a smaller contact angle in the high-temperature liquid steel compared to the original AlTi-MgO NPs coated with PDA, indicating the superior wettability of the AlTi-MgO@C NPs. Furthermore, this suggests that surface treatment will greatly increase the NP utilization ratio. 
